We have experimentally demonstrated a compact multiwavelength Brillouin fiber laser by introducing an optical feedback mechanism in the laser configuration. A piece of erbium-doped fiber (EDF) is utilized as both linear gain media and Brillouin gain media. The influence of Brillouin pump power and wavelength, EDF length, and pump power on the laser performance are analyzed and discussed. Up to six Stokes lasing lines are generated, and the Stokes lasing lines show high temporal stability with the maximum power ripple less than 0.45 dB. By shortening the EDF length to 7 m, a dualwavelength single-longitudinal-mode Brillouin fiber laser is achieved. Microwave signals at 11.02 and 22.04 GHz without disturbing side modes are obtained. This laser has potential applications in microwave generation, Brillouin fiber sensors, and high-speed optical communication.
Introduction
Multiwavelength Brillouin fiber lasers (MWBFLs) have aroused considerable interest for their applications in dense wavelength division multiplexing (DWDM), microwave generation, and distributed fiber sensing [1] - [3] . In previous MWBFLs, the linear gain is provided by EDF, and the nonlinear gain is provided by other kinds of fibers, such as single mode fiber (SMF) [4] , [5] , highly nonlinear fiber (HNLF) [6] , dispersion compensating fiber (DCF) [7] , and so forth. Since the Brillouin gain coefficient of the fibers used to generate stimulated Brillouin scattering (SBS) is small, in order to increase Brillouin gain efficiency and lower the SBS threshold, fibers as long as tens of kilometers are usually required [8] - [13] . Although relatively shorter Brillouin gain media are reported for generation of multiple Brillouin Stokes lines, their lengths are still several hundred meters [14] - [18] . Meanwhile, due to the long lasing cavity, the lasers oscillate in multiple longitudinal modes fashion, which limits their practical application [19] , [20] .media is needed. Therefore, the cavity length can be greatly shortened. In [21] , a BEFL is demonstrated using a 2.15-m-long Bi-EDF which has very high fiber nonlinearity. The cavity length is further shortened when a Bi-EDF length of 49 cm is used [22] . However, all of the compact BEFLs mentioned above [21] , [22] can only emit first-order Brillouin Stokes and no higher order Brillouin Stokes lines is generated. This has motivated us to find solutions in order to achieve compact MWBFL with ultrashort cavity length. With compact fiber ring configuration, single longitudinal mode operation for the MWBFL laser is more likely to be realized, which is of practical application in microwave signal generation and multiwavelength Brillouin fiber sensing.
In this paper, a compact MWBFL based on commercial EDF is experimentally demonstrated. The cavity length of the MWBFL, including a 15 m EDF, is 20 m, which is the shortest cavity length when comparing with the previous MWBFLs. The EDF is used to generate SBS and amplify the generated SBS simultaneously. An optical feedback mechanism is introduced to guide the generated Stokes signals back into the EDF to excite higher order Brillouin Stokes lines. Five and six Stokes lines are respectively generated at BP wavelength of 1550 nm and 1568 nm. The multiwavelength operation range can be tuned over 27 nm from 1541 nm to 1568 nm. The laser exhibits a good stability on output power of each Brillouin Stokes line.
Furthermore, when shortening the length of EDF, a dual-wavelength single-longitudinal-mode Brillouin fiber laser is achieved. By utilizing 7 m EDF, the cavity length is shortened to 12 m and the laser performs in SLM fashion with two Stokes lines lasing in the cavity. By beating with the Brillouin pump light, microwave signals locating at 11.02 GHz and 22.04 GHz are obtained without disturbing side modes.
Experimental Setup and Operation Principle
The experimental setup of the proposed MWBFL is illustrated in Fig. 1 . The configuration consists of a main ring cavity and an optical feedback path. The main cavity is formed by a 15 m EDF (EDF-1), a wavelength division multiplexer (WDM-1), a circulator (CIR), a tunable optical filter (TOF), a 90/10 coupler (C1), and a 3 dB coupler (C2). The EDF is utilized as both the linear gain media and the nonlinear Brillouin gain media. The EDF has an Er 3þ ion concentration of 6:32 Â 10 24 =m 3 , numerical aperture of 0.228, a cut-off wavelength of 912 nm and peak absorption of 6.44 dB per meter near 1530 nm. The WDM is used to couple the 980 nm pump light (P1) and BP signal into the EDF. Insertion of the TOF is to suppress the self-lasing cavity modes. The TOF has a 3 dB bandwidth of 0.9 nm. The three-port CIR ensures the unidirectional oscillation of the MWBFL and blocks the large-amplitude amplified stimulated emission (ASE) in counter-clockwise direction. The MEBFL output is extracted from the 10% leg of C1. Due to the 15 m EDF and about 5 m linking fibers in the ring cavity, the total cavity length is 20 m.
The optical feedback path is introduced in order to guide the oscillating signals in the cavity back into the EDF as BP to generate higher order stokes lines. This section is formed by an EDFA depicted in the red dashed box and a 3 dB coupler (C3). The EDFA includes a 980 nm diode laser (P2), a WDM and a piece of EDF (EDF-2). The length, numerical aperture and cut-off wavelength of EDF-2 are 18 m, 0.23, and 920 nm, respectively. The peak absorption is 6 dB per meter near 1530 nm. The EDFA provides amplification for the diverted signals in order to increase the output channels. One leg of C3 is connected to the output of EDFA and the other leg is used to couple the initial BP. The initial BP is provided by a C-band tunable laser source (TLS) which has a peak power of 15.8 mW and a 3 dB linewidth of 10 MHz. The diverted signals and the BP are propagated from the CIR to the EDF where SBS takes place.
The operation mechanism of the proposed MWBFL is described as follows. Without BP launched, the laser acts as a free-running erbium-doped fiber laser (EDFL) at the EDF peak gain in the passband of TOF. When BP is injected into the EDF through coupler C3 and the CIR, it excites SBS in the EDF. The generated first-order Brillouin Stokes signal travels in clockwise direction. It is amplified by both Brillouin gain from the SBS process and linear gain from the EDF. If the total gain exceeds the peak EDF gain in the passband of TOF, free-running modes will be suppressed due to homogeneous spectral broadening of the EDF. The generated first-order Brillouin Stokes signal circulates in the ring cavity until it overcomes the cavity loss and turns into a lasing line. The first-order Stokes is then coupled into the feedback coupling section and is amplified by the EDFA. Second-order Stokes line will be excited once the power of diverted first order Stokes signal rises above the SBS threshold. Similarly, it will be diverted into the EDF to excite higher order Stokes lines. With appropriate power of BP, P1, and P2, more Stokes lines will be generated and become the BP for next order Stokes. The output channels of this MWBFL keep increasing until the Brillouin gain and erbium gain become insufficient to overcome the excess loss of the cavity.
In the laser cavity, both linear gain from EDF-1 and SBS gain contribute to the generation of the MWBFL. The interaction between the Brillouin pump and the generated Stokes signal can be given by [23] , [24] 
where P BP n represents the Brillouin pump power for nth-order Stokes line. P S n represents the power of generated nth-order Stokes line. For n ¼ 1, P BP 1 is the BP for first Stokes line provided by the TLS. For n > 1, P BP n is the BP for higher order Stokes line and is amplified by the EDFA before injected into EDF-1. The parameters, BP n , S n , g BP n and g S n are loss and gain of the BP signal and Stokes signal. l BP n And l S n are fiber attenuations of each light. g B and A eff are the Brillouin gain coefficient and effective mode area, respectively. N 2 represents the fraction of population inversion and is given by
where P P represents the 980 nm pump power in EDF-1. P , and g P are loss and gain of the 980 nm pump light. P sat P , P sat BP n , and P sat S n are the fiber saturation power and their detailed definition can be referred to [25] .
The Brillouin pump threshold for the laser can be estimated according to the following equation [26] :
where R is the power reflection ratio. G represents the EDF gain. L is the EDF length. In order to estimate the Brillouin pump threshold, parameters in the equation should be determined. In our laser configuration, R is 0.45 and L is 15 m. The parameter G is deduced from the linewidth reduction ratio [27] . The 3 dB linewidth of the Stokes line is measured to be 23 KHz. The 3 dB linewidth of the TLS is 10 MHz. Thus, the linewidth reduction ration is 435. RG is calculated to be 0.788 and G is deduced to be 1.75. g B and A eff are 5 Â 10 À11 m/W and 15:2 Â 10 À12 m 2 , respectively. Hence, the Brillouin pump threshold is estimated to be 6.4 mW. The Brillouin pump threshold level is beneficial for the generation of MWBFL in the compact laser cavity. Fig. 2 illustrates the output spectra of the proposed MWBFL under different P2 values. We measure the output spectrum by using an optical spectrum analyser (OSA, Yokogawa AQ6370B) with the highest resolution of 0.017 nm. During the measurement, the initial BP and P1 are fixed at 15.8 mW and 100 mW. A group of spectra are recorded at 5 different P2 powers, ranging from 20 mW to 124 mW. As P2 increasing, cascaded SBS effect occurs and more Stokes lines are excited with a Brillouin wavelength space of 0.088 nm (∼11 GHz). The maximum of five output channels are obtained at P2 power of 124 mW. It is found that despite of the short interference length of SBS process, the laser does not require high pump power to generate multiple Brillouin Stokes lines. Due to the narrow bandwidth of the TOF, EDF gain inside the TOF bandwidth is considered to be uniform. A small Brillouin gain is sufficient to ensure that total gain at Stokes wavelengths exceeds the peak EDF gain in TOF bandwidth under low BP power. In addition, since the linear gain is concentrated in the TOF bandwidth, instead of the whole EDF gain spectrum, amplification for Stokes lines inside the TOF bandwidth increases.
Experimental Results
In Fig. 2 , power dependence on wavelength is observed when P2 is 124 mW. Maximum power appears at third stokes line. The power of both lower order Stokes lines and higher order Stokes lines are lower. The wavelength dependence of power has resulted because of the TOF. The transmittance at Stokes wavelengths approaching to the central wavelength of the TOF is higher than that at Stokes wavelengths away from the central wavelength of the TOF.
Seen from Fig. 2 , the peak power of first-order Stokes decreases significantly with the increase of P2. This is due to the fact that with the excitation of more and more Stokes lines, signals propagating in the EDF keep growing, especially the diverted signals from the optical feedback section. The increase of the overall power results in the decrease of the linear gain originating from EDF. Therefore, amplification of the first-order Stokes by linear gain is weakened. When further increasing P2 power, the diverted signals will be greatly amplified, which will saturate the linear gain in the EDF. No more gain is left for the first-order Stokes line to overcome the cavity loss. In fact, the laser turns unstable when P2 is larger than 140 mW.
Since the power of diverted Stokes lines keeps increasing with P2, more power will be transferred from the diverted signals to higher order Stokes lines through SBS effect. For higher order Stokes lines, the increasing SBS gain compensates the linear gain decrease. On the contrary, BP for first Stokes line is provided by the TLS and keeps constant. Total gain of first Stokes line decreases with P2 increment. Hence, higher order Stokes lines experience much smaller power change than the first Stokes line. Fig. 3 depicts the number of the Stokes lasing lines generated at various P1 powers. Variation of P1 injected into the EDF leads to the variation of linear gain, efficiency of the SBS process and the ASE level propagating in clockwise direction. In general, the Stokes lasing lines that can be generated depend on the optimization of the Brillouin gain and linear gain inside the ring cavity [4] . The maximum number of Stokes lasing lines is five in the case of 100 mW P1 power with a fixed BP power of 15.8 mW at 1550.059 nm. No Stokes lines are generated when P1 power is below 46 mW due to insufficient linear gain. It is shown that the number of the Stokes lasing lines increases with P1 power. This is owing to the expansion of EDF gain that leads to amplification for the oscillating Stokes signals and the diverted signals. However, increasing P1 power will also increase the ASE power travelling in the cavity, which will give rise to the excitation of free-running EDFL modes and the competition with Brillouin Stokes signals. When P1 exceeds 109 mW, the number of Stokes lasing lines no longer increases and starts to reduce. At 118 mW, the number of Stokes lasing lines drops from five to four. Meanwhile, the temporal stability of the output spectrum becomes worse as well. It can be deduced that the laser will be an EDFL at a higher P1 power.
The power stability is a critical parameter to multiwavelength fiber lasers. To evaluate it, the laser spectrum is obtained and the peak power of each Stokes lasing line is measured over a period of 80 minutes with a time interval of 5 min. Fig. 4(a) depicts the power fluctuations of the generated five Stokes lines at 100 mW P1 power. It is found that the output lasing lines except the fifth order Stokes line show good power stability with the maximum power fluctuations of 0. 23 dB, 0.28 dB, 0.34 dB, and 0.45 dB, respectively. The fifth-order Stokes line has a much greater power fluctuation of 1.8 dB. This can be explained that the fifth channel is below its saturation level and is sensitive to the instability of the pump power, which leads to stronger power fluctuation. It is found that the overall intensity noise level over the output spectrum is about −32 dBm as shown in Fig. 2 . The overall intensity noise level varies with the wavelength.
For comparison, the temporal stability is also measured for the MWBFL under P1 power of 118 mW. As discussed in Fig. 3 , only four channels are generated, instead of five channels at 100 mW P1 power. Fig. 4(b) illustrates that the four Stokes lines has higher power level. However, due to the excitation of the free-running EDFL modes, the spectral stability becomes worse. During the measurement period, maximum power ripples of the four Stokes lines are 0. 69 dB, 0.90 dB, 0.94 dB, and 1.03 dB, respectively, which is twice as much as the power ripples when P1 is 100 mW.
The dependence of the MWBFL output on initial BP power is studied. For every given BP power, P1 and P2 are properly adjusted in order to obtain most Stokes lasing lines. When BP power is too low, the free-running EDFL modes will be excited [24] . The laser acts as an EDFL at BP below 5 mW. EDFL modes will be suppressed when high enough BP is launched into the EDF. As depicted in Fig. 5 , the number of Stokes lines rises from three to five as BP increases from 6.3 mW to 15.8 mW. Although three Stokes lines are generated at BP of 6.3 mW, the EDFL modes are only partly suppressed. Via the optical feedback path, the EDFL modes propagate through the EDF again, which is harmful to the generation of higher order stokes waves. With higher BP injection, the EDFL modes are further suppressed. Therefore, more erbium gain is for the amplification of Stokes signal and more Stokes lines are excited.
On the one hand, high BP power is beneficial for multiwavelength generation. On the other hand, high BP power will also deplete the linear gain since most of the erbium gain will be used for BP amplification instead of Stokes lines. Then, the number of Stokes lines will decrease. It is even possible that no Stokes lines will be excited if the BP power is too high. Thus, an appropriate BP power is necessary for stable oscillation of the MWBFL.
Once the wavelength of BP changes, the Stokes lasing lines will be tunable accordingly. Fig. 6 shows the MWBFL output spectra at various BP wavelengths. Firstly we fix the BP at a certain wavelength and then tune the TOF to match with the BP. The first peak in the spectrum is the Rayleigh scattering of BP and the rest are the Stokes lasing lines. The number of Stokes lines grows as BP wavelength ranges from 1532 nm to 1568 nm. The largest number, six Stokes lasing lines, is generated at 1568 nm, while only one channel is generated at 1532 nm. The wavelength dependence of number is due to gain profile of the EDF amplification [28] . Multiwavelength operation range is over 27 nm from 1541 nm to 1568 nm. Taking into account the filtering spectrum of TOF, Stokes lasing lines away from the TOF center suffer more cavity loss, which hinders the generation of higher order Stokes. Therefore, in order to generate more Stokes lines, a TOF with a wide and flat passband is desired. Fig. 7 shows the effect of EDF length on number of Stokes lines over the whole C band. When EDF is short, the linear gain is small and insufficient to generate higher order Stokes. Longer EDF can provide large linear gain for amplification of higher order Stokes lines if the EDF is fully pumped by 980 nm light. The number of Stokes lines increases with the EDF length at a fixed BP wavelength. For a fixed EDF length, the number of Stokes lines increases when the BP wavelength is tuned from 1532 nm to 1568 nm, which is the same as discussed above in Fig. 6 . However, under a limited 980 nm pump power, we can deduce that the Stokes lasing lines will start to decrease at a certain EDF length due to absorption by the EDF.
To verify the single longitudinal mode operation of the proposed MWBFL, the RF beating signal of the MWBFL output is measured by using the self-homodyne method under different operation modes. Firstly, at EDF length of 15 m, five Stokes lasing lines are generated with a BP power of 15.8 mW, P1 power of 100 mW and P2 power of 124 mW. The output is detected utilizing a high-speed photo detector followed by an electric spectrum analyzer (RIGIO DSA1030). The red solid line in Fig. 8(a) depicts the RF beating spectrum. There is a RF beating signal located at 10.4 MHz, indicating that the MWBFL performs in multimode fashion. When increasing P1 to 118 mW, the free-running EDFL modes are excited. Fig. 8(b) illustrates that four envelops of EDFL modes locate in the RF spectrum with a frequency interval of 10.4 MHz equal to the free spectral range (FSR) of the ring cavity. The competition between the Stokes lasing lines and the EDFL modes will disturb the stable multiwavelength lasing.
Then, we replace the 15 m EDF with a 7 m EDF. The cavity length is greatly reduced to about 12 m. With proper parameters, no beat signal is found in the RF spectrum, which indicates that the laser behaves in SLM way. When measuring the output spectrum with OSA, two Brillouin Stokes lines are observed at BP wavelength of 1550.059 nm, as depicted in the inset of Fig. 8(c) . The SLM behavior is owing to two factors. One is the short cavity length, which allows only one longitudinal mode in the bandwidth of the SBS gain spectrum. The other is the fact that strong SBS process in the EDF suppresses the oscillation of free-running EDFL modes [29] , [30] .
The single-longitudinal-mode MWBFL has potential in microwave signal generation. Fig. 9 illustrates the beat frequency between the Brillouin pump and the two lasing lines oscillating in SLM behavior. The beat frequencies are 11.02 GHz and 22.04 GHz, respectively. As shown in Fig. 9 , no other longitudinal mode exists in the RF spectrum, which matches well with the result in Fig. 8(c) .
Due to the low linear gain of the 7 m EDF, only two Stokes lines are excited under SLM operation. To improve the wavelength number, a possible solution is to utilize EDF with high Er 3þ concentration, which combines the advantage of both short length and high linear gain [25] .
Conclusion
We have successfully demonstrated a compact laser configuration for multiwavelength Brillouin lasing in common EDF utilizing an optical feedback mechanism. The EDF is used to provide 
